Network-based techniques as planning tools are widely used in construction industry. They are usually carried out in an unstructured form with considerable reliance on the planner's judgment, imagination, and intuition. In addition, the competitive nature of construction industry has also contributed to the development of nontraditional decision-making tools. Thus, a more accurate method is necessary to obtain project duration in construction projects. The availability of computer technology (both hardware and software) allows fuzzy logic for the prediction of accurate project duration. This paper describes a methodology to identify the project duration by incorporating qualitative as well as quantitative factors of the construction industry. The qualitative factors are converted into numerical measures by giving suitable membership values. This relies on advanced mathematical tools in addition to construction knowledge rules defined by planning experts to enhance and automate the planning process of complex projects, where conventional model-based approach is very difficult to implement. Furthermore, this methodology makes the experts' knowledge explicit and can be applied mechanically to other projects, mutatis and mutandis. A case study is worked out to demonstrate the applicability of the proposed methodology and this can be easily computerized.
(PERT) are used to aid the construction engineer. In these, some parameters of the activities have been calculated based on similar previous works or with engineer's experience with or without subjective estimation. Apart from this, qualitative factors such as labor skill, the experience of superintendent, type of equipment used and level of operator's experience also play a major role in the estimation of activity duration.
Incorporation of these variables, which are in the linguistic form, into the estimation of an activity duration is difficult, nay, even impossible, in the conventional planning techniques such as, CPM or PERT -or in their various adaptations like Line of Balance (LOB), Vertical Project Scheduling, etc. For example, when one deals with statements like 'experienced contractor, ' 'good' or 'bad' weather, 'performance of constructed facilities,' etc., one reflects on intuitive feeling on what is being said but there is no numerical value that can be attached to any such qualitative statement. The variability from 'good' to 'bad' as an attribute or a hedge in weather as a factor, in determining the duration, as a parameter has not been incorporated in the past. This results in an inaccurate, imprecise, or insufficient estimation of the respective factors thereby resulting in construction delays and consequent losses. Fuzzy logic is proven to be very successful in solving the above-mentioned problems in many areas where conventional model based approach is very difficult to implement. The objective of this paper is to estimate the project parameters by incorporating the qualitative and quantitative factors using fuzzy logic approach.
SUMMARY OF THE PRIOR AND CURRENT RELATED WORK
Construction engineers use several quantitative techniques in estimation of project duration. Zadeh (1965) outlined the theory of fuzzy sets for incorporation of vague and imprecise data into the analysis. He further stated that fuzzy sets will admit the partial membership for the analysis. Blockley (1979) described the role of fuzzy sets in civil engineering. He described that fuzzy set theory is particularly suitable for the information involving uncertainty of subjective type, such as vague description, human errors, omissions, and mistakes. Hadiprioni (1988) demonstrated the use of fuzzy average rule and fuzzy algebra for integrating subjective judgments of the assessors leading to the overall performance rating. Hadiprioni and Lim (1986) used the fuzzy set concept to manipulate human-based subjective judgments, which are abundant during the construction phase. Ranking the critical path based on the highest probability of failure is also presented. Ayyub and Haldar (1984) pioneered the use of fuzzy set theory to evaluate the impact of qualitative variables such as site conditions, weather conditions, and labor experience on activity cost and duration. As regards to probabilistic formulation, this is basically to study the effects of qualitative factors on the statistics (mean, standard deviation, and coefficient of variation) of the parameters. They observed that the methodology is not sensitive to small variations in the membership values. However, the method is sensitive to the choice of fuzzy relation between consequences and duration of an activity in the analysis. Wu and Hadipriano (1994) introduced fuzzy modus ponens deduction technique for construction scheduling to assess the impacts of qualitative factors on activity duration. Lorterapong and Moselhi (1996) calculated activity duration using traditional fuzzy set operations as well as newly developed fuzzy network scheduling (FNET). The results generated by FNET are reasonable but the computations are not as simple as for PERT . Leu et. al (1999) proposed a fuzzy optimum construction scheduling model under resource constraints. Kumar et. al (2003) proposed a methodology to introduce flexibility in the rigid constraints.
These studies do not provide a means to generate a complete network-based schedule. Judging from the state of research, there is a need to develop more efficient and accurate methodology to solve the scheduling problems for the construction planning. A case study involving different aspects is presented to demonstrate the applicability of fuzzy logic approach to forecast project duration.
RELEVANCE OF FUZZY SET THEORY FOR NETWORK ANALYSIS
In construction projects, forecasting of the project duration is largely dependent on fuzzy and non-fuzzy variables and also based on the experience of person making the planning schedules. There are typically one or two experts who make the decisions in the company. With the presence of uncertainties it is difficult for the expert to give definite forecasting of project parameters in variable environment. These factors impose limitations on forecasting a reliable duration.
Since Zadeh (1965) introduced fuzzy set concept, it is employed in numerous areas. The concept is founded on the notion that qualitative expressions usually involve the realm of human perception, subject to a range of interpretations. The qualitative expressions usually consist of linguistic variables and linguistic values. These qualitative factors or linguistic variables are routinely used in construction projects and adds uncertainty in the final outcome of any decision process. A linguistic variable is defined as a variable, the values of which are in words, phrases, or sentences in a given language. For example the term, 'site condition,' is a linguistic variable, which can take the values of excellent, fair, poor, etc. These linguistic values of the variable are not clearly defined but can be made susceptible to meaningful classifications.
It is established that a fuzzy set is a set whose elements are imprecise with unsharp boundaries, whereas in the classical set theory the elements are in crisp form, i.e., either 'Yes' or 'No' type. The classical set theory proceeds on the premise that if an element belongs to the set, it can be assigned a value '1,' and if the element does not belong to the set, it is assigned a value '0.' But in fuzzy set theory, instead of being given either values, 0 or 1, any element may take the values from 0 to 1. For example, if a fuzzy set refers to 'excellent site condition,' as a subset of the universal set of 'site condition,' membership values may be given for 'excellent site condition' in the range, say, typically, 0.6 to 0.9, within the membership values of 0 to 1 for the universal set of 'site conditions.' In the same manner, fuzzy sets can well be considered for quantifying the qualitative factors such as building design, change orders, and engineer's experience (Ross 1997) .
CASE STUDY
A prestressed concrete sleeper factory is proposed at Chamagram near Malda in West Bengal, India and falls in the jurisdiction of the Eastern Railways. The contract has been awarded to a private firm, M/S Strescon Pvt. Ltd., Calcutta, India, and they are responsible for setting up the factory and supplying sleepers to Eastern Railway on a unit rate basis. The work has to be done under the close supervision of Eastern Railway and Research, Design and Standards Organization (RDSO). It is in this context that detailed planning of the project has been undertaken with a view to monitor its timely completion.
Along with the duration in days, the qualitative factors, which are affecting the equipment and skilled manpower, are also considered. The activities are detailed as much as possible so that the network becomes useful for monitoring at the lowest gazetted level, viz., the Assistant Engineer. The main works involved in the project are given in Table 1 . 
SIMULATION STUDY
The total number of activities of the case study is arranged in topological manner with start node S(j) and finish node F(j) and is shown in Table 1 . To simulate this stochastic situation one set of random numbers are generated for the duration of an activity. Based on these durations, the project completion time TMIN and critical activities are identified. Next, another sample from the duration distribution of each activity is randomly generated and using the new value, the critical activities and project completion time TMIN are determined again. The average duration and standard deviation of the project has been calculated. This estimate of probabilities of completing the project at various times is more reliable than the usual PERT procedures, since effects of near critical paths also considered, which may sometimes become critical if the activities forming them take more time than their average durations. In the conventional PERT procedure only the critical path is considered to establish the project duration. In the simulation approach besides the critical path, near critical paths are also considered. Hence the estimate of probabilities of completing the project at various times is more reliable.
CRITICALITY INDEX
Besides providing a more realistic estimate of the project completion time, this simulation data yields another piece of useful information. By keeping a running count of how many times an activity became critical it can be determined the percentage of the simulation runs in which an activity became critical. This is called criticality index of that particular activity (Deo 1979) . The criticality index of various activities is calculated for 500, 1000, 1500 and 2000 simulation runs. For example, if an activity K is on a critical path, 200 times out of 1000 simulation runs, then the criticality index of K is 0.20. This activity K might not have been appeared at all on the critical path if the usual PERT calculations based on average durations are used. But the simulation indicates that there is a 20 percent probability of activity K being critical. The higher the criticality index of an activity, more carefully would it have to be watched.
COMPUTATIONAL PROCEDURE
The following four subroutines are used to simulate an activity network: (i) For generating random samples of activity durations, GENRAT. For the subroutine GENRAT it is assumed that the duration of every activity is distributed normally with a specified mean MU and a standard deviation SIGMA. The subroutine uses the Box-Muller transformation for generating random samples. At the end of simulation, FREQ (I) has been divided into the number of runs made, NRUN, to get the criticality index CRIT (I), for I = 1,2,....N. The LST's and EST's are real numbers. Theoretically the absolute value of their difference ABS(LST(I)-EST(I)) should be zero if the activity is critical. However, to take into account the computational errors in adding REAL numbers, the difference be treated as zero when it is less than some value, ERR. In this case study, the possible error has been set to 0.001 units of time.
APPLICATION
The simulation procedure described above is applied to the case study. The average project duration is calculated from the network as 279 days. Based on this the lowest value for TMIN is assumed to 260 days and the highest value is assumed to be 300 days and the width of the range is made 3 days. This project has been simulated for 500, 1000, 1500 and 2000 runs, for obtaining the distribution of overall project duration. For each of these runs, the longest path through the network is determined; its duration is noted, as well as a count for each activity on the critical path and the Criticality indices of project activities are calculated.
The path of the activities A-B-C-D-E-F-X-Y of the network emerges as the critical path. Another path A-B-C-J-K-L-M-Q-X-Y emerges as a near critical path with a probability of 0.281. Activities N and O are replaced by activities P and Q, since the criticality indices of all the activities in branch will be equal. The activities with criticality index of zero have large float times. Activities D, E, and F are having a critical path of 0.671 for 2000 simulation runs.
TYPICAL APPLICATION OF FUZZY SET CONCEPT TO AN ACTIVITY
The project activities are analyzed and appropriate qualitative (linguistic) factors relating to each activity are applied therefore. Here, complete procedure is presented for the activity (U) with 63.42 days of nominal duration. The engineer's experience {highly experienced (HE), moderately experienced (ME)}, weather conditions {good (G), medium (M), bad (B)}, and labor experience {high (H), medium (M), low (L)} are considered in linguistic form. And the effect of these on the activity duration is calculated. The nominal durations are converted to a range, to apply the qualitative factors. If the range chosen is too small, the effect of qualitative factors cannot be adequately represented. On the other hand if the range is too large qualitative factors will dominate the calculation of project duration. Hence it is important to choose a likely range for the activity durations. The frequency of occurrence (F) of each classification of the preceding factors and adverse consequences of occurrence (C) on the duration of an activity are estimated in linguistic terms as shown in Table 2 . By applying the fuzzy relation and composition rules, the duration of an activity is calculated. A subjective estimation of duration is calculated by taking the composition of T and R, and is presented in table 3. Table 3 : Composition of R and T
T o R =
The fuzzy composition (T o R) gives the membership values for different durations of the activity and frequencies of occurrence considering the total effect of the factors in Table 3 . For example the membership value of 0.04 in the first row of Table 3 is the total effect of qualitative factors on duration 61 days for a frequency of 0.0. A subset 'D' can be taken as a fuzzy representation of the duration of the activity. For the calculation of subset 'D', choose a row (subset), which maximizes the product of the row summation given in ToR and the corresponding frequency. Here the third row of T o R gives the maximum value of this product for the case problem under consideration. Therefore the subset of activity duration D is derived from table 3. D = (61/0.04, 63/0.50, 65/0.50)
The probability mass function of the duration of an activity is calculated as follows P (D=61) = 0.04 / (0.04+0.50+0.50) = 0.038. .758 = 0.048. Similarly, for each activity in the case problem, the probability mass function, mean value and standard deviation of all the activity durations have been calculated. Using the CPM method and the statistics of the activity durations as obtained by the fuzzy set analysis the project duration evaluated to 280.52 days against 278.88 days.
The previous simulation procedure is repeated for the network, using mean and standard deviation as derived from the fuzzy set analysis. Criticality index (CI) of each activity and the total project duration of various simulation runs have been calculated.
The project duration as calculated using conventional method is 279 days. After the application of fuzzy set concepts to each of the activities in the project network, the project duration evaluated to 280.52 days. Here, the uncertainty in the duration of an activity has been converted into mathematical measures by applying fuzzy relation and composition rules. The mean value and standard deviation of the project, before and after the application of fuzzy set theory are given in the Table 4 . 
OBSERVATIONS AND DISCUSSIONS
In the conventional computations, the activity durations are estimated by experts in terms of optimistic, pessimistic, and most probable values. In the fuzzy set analysis, the expert only gives broad range of activity durations qualified by conditional statements which describe the affect of several linguistic or qualitative factors on the activity duration. The project duration estimated by the fuzzy set approach in the case study is almost equal to the project duration estimated by conventional technique. In the fuzzy set approach the project duration is estimated by computing mean values, and standard deviations for each activity from nominal activity duration and qualitative factors. This seems to vindicate the applicability of fuzzy set theory to project duration estimates.
The project duration estimation has been reinforced by incorporating linguistic variables which are typically hidden in conventional methods. For example, using broad estimates of activity durations based on empirical study, and expert knowledge expressed as conditional statement, project duration can be estimated using fuzzy set analysis.
Application of fuzzy set theory is a step towards the elimination of bias or prejudice in the judgment of an expert, since the steps leading to the judgment are made explicit. This also helps uncover any gap in the expert's thinking such as in regard to qualitative factors which may not have been considered. Fuzzy set analysis also helps identify, early in the project life, potentially critical activities which may be overlooked due to misjudgment.
Comparing the criticality indices computed from the two sets of data, the conventional data and the data derived through fuzzy set analysis, it appears that the results are consistent for most of the activities. However, there is a significant variation for a few activities. For example, in activity F, the difference is 36%. These differences in the criticality indices are due to the changes in the values of activity duration and their standard deviations between the conventional data and in the data derived through fuzzy set analysis after applying qualitative factors. This indicates that there is an error in judgment in the estimation of the duration of some activity or activities which run parallel to activity F.
CONCLUSIONS
In this paper a construction management case study is analyzed to illustrate the application of fuzzy set theory. The applicability of fuzzy set theory to project duration estimation has been vindicated by comparison of its results with the results of conventional techniques. The fuzzy set approach was able to arrive at conclusions, which are consistent with conventional computations despite all the less precision and more qualitativeness in the inputs of resources as well as information. The methodology presented considers linguistic variables which may affect the activity. In this model, linguistic values are converted into mathematical measures by giving membership values.
These membership values are given by the judgment of experts in the relevant field. Then these linguistic variables are translated into mathematical measures by fuzzy set theory. The advantage of the model is that it is not sensitive to small variations in the membership values, but is sensitive to the choice of fuzzy relation between the consequences and duration of an activity. This model can incorporate all intangible and subjective values into the analysis; it also provides mean or expected value along with its standard deviation and coefficient of variation. With these values pertaining to component activities, the project network has been simulated to determine the project duration.
By simulating the network with the mean value and standard deviation derived from the fuzzy set analysis, the criticality indices for various activities in the project is obtained. Instead of identifying a single critical path, it identifies activities with various degrees of criticalities and thus reduces the chance of the near-critical activities being ignored by the project manager. This methodology is superior to the conventional probabilistic methods, since it incorporates all the available information from the expert's judgment. Fuzzy set analysis does not provide a fuzzy answer, but rather, a means of reducing the fuzziness in achieving the project completion time.
